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Abstract
We have realized ambipolar ionic liquid gated field-effect transistors based on WS2 mono-
and bilayers, and investigated their opto-electronic response. A thorough characterization of
the transport properties demonstrates the high quality of these devices for both electron and
hole accumulation, which enables the quantitative determination of the band gap (∆1L = 2.14
eV for monolayers and ∆2L = 1.82 eV for bilayers). It also enables the operation of the tran-
sistors in the ambipolar injection regime –with electrons and holes injected simultaneously at
the two opposite contacts of the devices– in which we observe light emission from the FET
channel. A quantitative analysis of the spectral properties of the emitted light, together with
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a comparison with the band gap values obtained from transport, show the internal consis-
tency of our results and allow a quantitative estimate of the excitonic binding energies to be
made. Our results demonstrate the power of ionic liquid gating in combination with nanoelec-
tronic systems, as well as the compatibility of this technique with optical measurements on
semiconducting transition metal dichalcogenides. These findings further open the way to the
investigation of the optical properties of these systems in a carrier density range much broader
than that explored until now.
Layered transition metal dichalcogenides (TMDs) are attracting interest in nanoelectronics,
owing to the possibility to exfoliate high-quality thin two-dimensional (2D) crystalline flakes out
of bulk single crystals, analogously to what is done for graphene.1 Investigations of the opto-
electronic properties of these 2D crystals have started recently, focusing on different semicon-
ducting TMDs, and revealing important differences with the bulk parents compounds.2–19 Most
notably, the band-gap is found to increase due to quantum confinement, and a transition from indi-
rect to direct gap is observed for individual monolayers,2–8,13 for which unusual and strong effect
of spin-orbit interaction have also been identified.9–15 It has become clear that semiconducting
TMDs are a very interesting and promising class of materials for both the study of new physical
phenomena and, possibly, for practical applications.
Next to the possibility to control the electronic properties by selecting the specific semicon-
ducting compound (the chemical formula of TMDs is MX2 with M a transition metal atom and X
= S, Se, or Te; in the most common semiconducting compounds M = Mo or W)13 or the thickness
of the material, several aspects of TMDs are particularly promising. For instance, the absence of
covalent bonds between layers should enable the realization of high-quality hetero-structures, soft-
ening constraints due to imperfect lattice matching of different TMD compounds.20–23 Also, all
semiconducting TMDs investigated to date have shown an excellent ambipolar behavior, allowing
transport of both electrons and holes.17–19,24–31 For semiconductors this is a key aspect, which is
needed for the realization of devices such as solar cells or light-emitting diodes, and for the im-
plementation of complementary metal-oxide-semiconductor (CMOS) technology to integrate large
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numbers of devices in complex circuits.
For electronic systems with atomic thickness, it is difficult to implement controlled chemical
doping without causing serious degradation. The investigation of the opto-electronic properties
of very thin ambipolar TMD layers usually exploits field-effect transistor (FET) structures.14–19 It
has been shown experimentally that ambipolar transport can be induced in FETs with conventional
solid-state gate dielectrics.17–19,24–27 In that case, however, dielectric breakdown seriously limits
the range of carrier density that can be accessed. This issue becomes even more serious for thinner
TMD layers, for which the band gap is larger,2–8,13 and so are the required gate voltages. A viable
alternative to conventional dielectrics is the use of an ionic liquid to replace the gate dielectric.
Here we fabricate mono- and bilayer WS2 ionic liquid gated FETs, and investigate their opto-
electronic properties. Transport measurements show that high-quality ambipolar devices can be
realized, with low contact resistance, high on-off ratio, virtually ideal subthreshold slopes, and
room-temperature mobility values reaching up to approximately 50 cm2/Vs. As for ambipolar
WS2 transistors based on thicker crystals,29 this high quality allows us to extract quantitatively the
band gap from the FETs transfer curves. According to expectations, the monolayer gap (∆1L = 2.14
eV) is larger than the bilayer one (∆2L = 1.82 eV), and both are significantly larger than the bulk
band gap29 (∆bulk = 1.4 eV). We further show that the devices can be biased to achieve simulta-
neous injection of electrons and holes at opposite contacts, and that this results –for both mono-
and bilayers– in light emission from the position of the FET channel where electrons and holes re-
combine. We compare the energy of the lines in the electro-luminescence and photo-luminescence
spectra to the gap values measured from ambipolar transport, and estimate the exciton binding
energies. Our results show how ionic liquid gating is a powerful technique to investigate trans-
port and optical properties of TMD layers of atomic thickness, giving access to a range of carrier
density much broader than that explored so far.
Ionic liquid gated FET structures are by now well established. They have been initially intro-
duced in organic FETs, because the extremely large gate capacitance (originating from the nm-
scale thickness of the double layer forming at the interface with material to be gated) enables a
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drastic reduction of the operating gate voltages.32–36 Subsequently, their use with inorganic mate-
rials has led to the observation of a number of fascinating phenomena, such as gate-induced su-
perconductivity30,37–39 and magnetism.40,41 In combination with TMDs, the possibility to induce
ambipolar transport and to accumulate a very large density of carriers (in excess of 1014 cm−2) both
in the conduction and in the valence band has been demonstrated.28–31 The very high quality of
ionic liquid gated TMD FETs allows, among others, to extract quantitatively the magnitude of the
band-gap, directly from the difference of the threshold voltage for electron and hole conduction.29
Despite all these promising results, the use of ionic liquid gates with TMD monolayer systems has
so far not been reported.
Fig. 1a-d show optical microscope images of different mono- and bilayer WS2 flakes, be-
fore and after attaching electrical contacts. The flakes were produced by adhesive tape exfoliation
of bulk crystals, which were subsequently transferred onto a Si/SiO2 substrate (the crystals were
grown by vapor phase transport; for details see reference 29). The thickness of the SiO2 layer was
chosen to be 90 nm, to optimize the optical contrast42,43 of thin flakes under the optical micro-
scope. Through a systematic analysis of RGB images of many of these thin flakes, in conjunction
with atomic force microscopy measurements, we calibrated the optical contrast in the R, G, and B
channels, to enable the univocal identification of the flake thickness (see Fig. 1e). Flakes used in
the device fabrication were selected using this technique and photoluminescene measurements (see
Fig. 5) confirmed the validity of our identification. Contacts were patterned using conventional
electron-beam lithography and lift-off and consisted of a 50 nm Au layer, annealed44 at 200 ◦C for
two hours in a flow of Ar (100 sccm) and H2 (10 sccm). In the same evaporation step, we also de-
posited a large Au pad acting as a gate (see Fig. 1f for a schematics of the device configuration). A
small droplet of ionic liquid (IL) DEME-TFSI (N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammo-
nium bis (trifluoromethylsulfonyl) imide),28,30,31,37,38,40 was placed onto the device in a glove-box
with sub-ppm O2 and H2O concentration, with a top glass coverslip sealing and flattening the
droplet, as it is needed to obtain a sufficiently sharp focal-point under a microscope. A silver wire
treated with piranha solution was also inserted in the IL, and used as reference electrode, enabling
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us to measure the potential drop across the IL/WS2, and to eliminate the effects of potential drops
at the gate/IL interface. All transport and optical measurements were performed in cryostats or
vacuum systems at a pressure below 10−6 mbar (after transferring the device in the vacuum cham-
ber of the measurement system we always waited for one day, to remove humidity and oxygen
present in the IL).
We start with the electrical characterization of IL-gated FETs. Figures 2a and 2b show the
transfer curves (i.e., the source-drain current ISD as a function of the gate voltage VG) of mono-
and bilayer devices, for different values of the applied source-drain voltage VSD. Measurements
were performed at temperatures not far above the freezing point31 of the IL, at 240 K for the mono-
layer device and at 230 K for the bilayer one. Clear ambipolar behavior with negligible hysteresis
is seen in both devices. Despite the sizable band gap of WS2 monolayer (∼ 2.1 eV) and bilayer (∼
1.8 eV; WS2 has the largest band-gap in the group of semiconducting-TMDs),4–7,13 high on-state
currents can be achieved both when accumulating electrons and holes, thanks to the high efficiency
of the IL gating technique. Although most measurements were performed in a two terminal con-
figuration, the devices had additional contacts enabling multi-terminal measurements which allow
us to estimate the contact resistance for both electron and hole injection. For the largest charge
accumulation shown in Fig. 2 the contact resistances are 4 kΩ (6.5 kΩ) and 52 kΩ (12 kΩ) for
the electron- and hole-doped regions, in the monolayer (bilayer) device (the smaller current on the
hole side observed in Fig. 2a, therefore, is likely due to a larger contact resistance. The difference
in contact resistance values that we observe is likely a consequence of small, uncontrolled details
in the device fabrication procedure. Indeed, through the analysis of many different devices, we
have observed that the values of contact resistance can vary between few kΩ and few tens of kΩ,
irrespective of the mono-or bilayer nature of the device). In the off-state of the devices (i.e., when
the gate is biased to position the Fermi level in the band gap), the measured current is much smaller
than in the on-state (between 1 and 10 pA –see inset of Fig.2a,b– corresponding to the background
current of the measurement system), indicating a very low density of unintentional dopants in our
WS2 crystals. The resulting on/off ratio is between 105 and 106, with the precise value depending
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on the device and on whether electron or hole accumulation is considered (this value is limited by
our sensitivity in measuring the off current).
The high quality of the mono- and bilayer FET characteristics enables us to extract the value
of the band-gap, as we have previously done for bulk WS2.29 For such a quantitative analysis,
it is important to look at the electrical characteristic as a function of the voltage measured at
the reference electrode (VREF , which corresponds to the voltage effectively responsible for the
accumulation of charge at the surface of WS2).29 Fig. 3a and 3b show –in logarithmic scale–
the source drain current ISD as a function of VREF for mono- and bilayer, in the turn-on region
of the device for both hole and electron conduction. The steep increase of the current with VREF
correspond to value of subthreshold swing S for electron and hole transport of 52 (63) and 57 (67)
mV/dec for the monolayer (bilayer) device. These data nearly perfectly match the ultimate limit for
the subthreshold swing S = kT/e ln(10) at the measurements temperature (T = 260 K),45 which
demonstrate the virtually complete absence of charge traps in the channel and at the contacts of
our devices, as well as the ideal gate-coupling between the IL and the WS2 FET channel.
Just like in the case of bulk WS2,29 it is the ideality of these IL gate devices that enables
the quantitative determination of the gap directly from the difference of threshold voltages for
electron and for hole conduction (the gap extracted from these measurements corresponds to the
smallest distance –in energy– between the valence and conduction band, i.e. the smallest between
the direct and the indirect gap in the system). To extract the values of the threshold voltage for
electrons and holes, V eT H and V
h
T H , we extrapolate linearly the ISD-vs-VREF curve to ISD = 0 in
the electron and hole turn-on regions of the FETs, as shown in in Fig. 3c,d. We then obtain
∆VGAP = V eT H −V hT H = 2.14 V for the monolayer and 1.82 V for the bilayer. As we will discuss
below, after having presented the results of the optical studies, these estimates of the gap (∆1L = 2.1
eV and ∆2L = 1.8 eV) appear to be fully consistent with the results of the photo- and electro-
luminescence measurements.
To complete the electrical characterization of our devices, we estimate the value of the mobility
of electrons and holes from the measured device conductivity σ (since σ is obtained from the
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conductance measured in a two-terminal configuration, which also contains the effect of the contact
resistance, the resulting mobility values may be underestimated). Starting from σ = ne/heµe/h,
with ne/he = C∗(VREF −V e/hT H ) (C∗ is the capacitance per unit area of the ionic liquid) and µe/h
the mobility of electrons and holes, we have that µe/h = 1C∗
dσ
dVREF
(with this quantity calculated
above the threshold voltage for electrons or holes, respectively). Using the estimated values for the
capacitance per unit area of the DEME-TFSI ionic liquid –7.2 and 4.7 µFcm−2 for electron and
hole accumulation31– we obtain mobility values of 44 (19) and 43 (12) cm2V−1s−1 for electron
and hole carriers in monolayer (bilayer). These values are comparable with those reported in the
literature for different few-layers and monolayer TMD semiconductors.24,26,28–31,44,46–48
To realize light emitting transistors, we need to operate devices in the regime of simultaneous
electron and hole injection at the the two opposite contacts (Fig. 1g). This requires applying a
sufficiently large source-drain bias, to locally invert the potential of the channel with respect to the
gate. The regime of simultaneous electron/hole injection has been investigated very extensively
in organic light-emitting transistors:49–53 it is easy to identify experimentally, because it manifests
itself in a very steep increase in ISD occurring at large VSD, starting at the end of the conventional
FET saturation regime. For the monolayer, this is shown in Fig. 4a,b, for the case in which the gate
voltage at low VSD bias would result in the accumulation of electrons (Fig. 4a) or of holes (Fig. 4b;
the bilayer exhibits qualitatively identical characteristics). When biasing the device in the region
where the current increase occurs, light should be coming out of the device, which –as we show
below– is the case.
Before looking at the electroluminescence in the ambipolar injection regime, we analyze the
photoluminescence signal, to check whether the ionic liquid –which completely covers the TMD
layers– does affect the light emitted by the device (it could absorb strongly, or generate a signal
with spectral features in the frequency range where the TMD layers emit light). The photolumi-
nescence signal due to the ionic liquid on top of the substrate, measured by shining a laser beam at
an energy of E = 2.54 eV (488 nm) in a region near the device, is shown in Fig. 5a. It consists of a
rather weak, smooth background, with a sharp peak at approximately 2.17 eV, which corresponds
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well to the energy expected due to the Raman shift (2973 cm−1) associated with the stretch-mode
of C−H groups in DEME-TFSI.54 We take advantage of this sharp, identifying feature, to remove
the background from the photoluminescence signal measured on the TMD devices. This we do by
simply subtracting a signal proportional to the background, with proportionality constant fixed by
the condition that the peak is not visible any more after subtraction. The background-subtracted,
photoluminescence signals are shown in Fig. 5b for the mono- and bilayer, as well as for a thicker
(bulk) layer of WS2.
The position and intensity of the spectral features in the photoluminescence of the different
layers agrees with literature results,5–7 which confirms our identification of mono- and bilayers.
The monolayer exhibits a single, very intense peak, at E ' 2.0 eV, corresponding to transition
associated to the direct band-gap. The bilayer and the bulk also exhibit a peak at a comparable
energy, albeit of largely reduced intensity. They additionally exhibit a peak at lower energy (and
lower for the bulk as compared to the bilayer), originating from optical transitions associated to the
indirect gap. The energy of the different observed transitions is summarized in Fig. 5c, together
with the value of the gap determined from the transport experiments (see discussion below). We
conclude that the presence of the IL does not prevent the measurement of photoluminescence and
should not therefore affect the observation of electroluminescence.
Fig. 6a,b show optical microscope images of the monolayer device under two different bias
conditions (VG = 0.1 V and VSD = 2.6 V in a; VG = 0.1 V and VSD = 2.9 V in b), both in the
ambipolar injection regime. The Au electrodes used to contact the flake, as well as the thicker
WS2 flake on the side are clearly visible. Although the presence of the IL makes it harder to
obtain sharp images on this small dimension scales, light emission –the red spot clearly apparent
in both images– can be seen directly under the optical microscope in both cases. The position of
the emission spot is noticeably different in the two cases, as expected: indeed in the ambipolar
injection regime the location in the FET channel where electrons and holes recombine can be
shifted simply by changing the gate and source drain bias, as it has been beautifully demonstrated
for organic light-emitting transistors.52,53 At the nano-scale, with a material of atomic thickness,
8
it will be particularly interesting to investigate the mechanism determining the spatial extension of
the emission region.
Fig. 6c shows the spectrum of the electro-luminescence signal measured for both the mono-
and the bilayer device. As expected, the electro- and the photo-luminescence spectra resemble
each other. A direct comparison of the two spectra (for both mono- and bilayer), normalized to
unity at the highest point, is shown in Fig. 6d,e, where it can be seen that the main peaks coincide
in position. For the bilayer the signal originating from the indirect transition is relatively stronger
in intensity, which is probably due to the fact that under the bias conditions needed to generate
electro-luminescence, the device effective temperature (i.e., the effective temperature of charge
carriers and phonons) is significantly higher than that of the environment. We also performed
similar measurements for thicker (bulk) devices, but in that case no electro-luminescence was
detected. This clearly shows that going to atomic thickness with TMD semiconductors allow new
opto-electronic functionalities –possibly relevant for practical device applications– not present in
the bulk parent compounds.
Finally, we discuss the energy position of the spectral peaks in the observed optical transitions,
summarized in Fig. 5c. For the monolayer, optical measurements only give access to transitions
associated to the direct gap, whose energy is smaller than the gap value extracted by transport
measurements. This is expected because of excitonic effects.55–57 For the bilayer, the direct-gap
optical transition occurs at an energy much larger than the transport gap, which is also expected,
since transport measures the smallest gap. Additionally, the transport gap is somewhat larger than
the energy of the optical transition associated to the indirect gap, again a manifestation of excitonic
effects.55–57 For the bulk, the transport gap and the energy of the indirect optical transition coincide
within the precision of the measurements. We conclude that the hierarchy of the energies extracted
from the optical transitions and from transport gap agrees with expectations. Quantitatively, the
measurements allow us to estimate the magnitude of excitonic effects in WS2 systems of differ-
ent thickness by subtracting the optical transition energy from the value of the gap obtained from
transport. We find a binding energy of 160 meV for the (direct) exciton in monolayers and of 80
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meV for the bilayer (indirect) exciton. While these values are certainly affected by the dielectric
environment through screening55–57 (and so results obtained on IL gated devices may differ quan-
titatively from devices with other types of dielectrics), our measurements reveal that the exciton
binding energy decreases with increasing layer thickness. This trend can be explained qualitatively
by considering that in a thicker flake the electron and hole can be further apart, resulting in a re-
duction of their mutual Coulomb interaction. A detailed theoretical analysis would be desirable
to enable a quantitative comparison with the experimental data, from which information about the
microscopic structure of the exciton may be obtained.
In summary, we have investigated the opto-electronic properties of atomically thin ionic-liquid
gated light-emitting transistors realized on WS2 mono- and bilayers. Our results show the power of
the ionic liquid gating technique, which enables the determination of the band-gap through simple
transport measurements, is compatible with optical measurements, and enables ambipolar injection
in a simple device configuration, based on a single gate electrode. We further show how our data
enable a quantitative estimate of the excitonic binding energies. These results open the way to
the experimental investigation of the opto-electronic properties of atomically thin semiconducting
transition metal dichalcogenides, in a much broader range of carrier density than what has been
possible to access until now.
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Figure 1: Optical microscope images of mono- (ML) and bilayer (BL) flakes are shown in (a) and
(b), and the corresponding devices after attaching Au electrodes in (c) and (d) (the scale bar is
10 µm long, and is the same for all panels). Panel (e) shows the optical contrast in the R, G, B
channels for mono-, bi-, and trilayer flakes. Each point corresponds to the average of the contrast
measured on approximately five flakes (the error bars are determined by the standard deviation of
these measurements). Panels (f) and (g) are schematic illustrations of an ionic liquid gated device,
in the unipolar (f) and ambipolar (g) injection regime. The actual devices also contain a reference
electrode not shown in these schematics.
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Figure 2: Transfer curves of a monolayer (a) and of a bilayer (b) device, exhibiting ambipolar
behavior. The data show the VG dependence of ISD for various different values of source-drain
voltage VSD, as indicated in the figure. The smaller current on the hole side for the monolayer
device in (a) is due to a larger contact resistance. Note that the hysteresis observed upon sweeping
VG forward and backward is very small (as compared to most ionic liquid gated devices reported
in the literature). The insets in the two panels zoom on the off current of the corresponding device,
measured at VSD = 20 mV.
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Figure 3: Log-scale plots of the source-drain current ISD as a function of reference voltage VREF
for the monolayer (a) and bilayer (b) device, in the electron (left) and hole (right) turn-on region,
measured at VSD = 5 mV. The solid lines are linear fits to the data, from which we extract the
values of the subthreshold swings indicated in the figures. Panels (c) and (d) –for mono- and
bilayer, respectively– show the same data in linear scale. The solid lines linear extrapolations done
to extract the values VeT H and V
h
T H of the electron and hole threshold voltages.
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Figure 4: Evolution of the source-drain current ISD as a function of source-drain voltage VSD for
different values of gate voltage VG, in the monolayer device. At small VSD, the gate voltage is set
to form an electron channel in panel (a) and a hole channel in panel (b). Note the clear satura-
tion regime starting from which the current steeply increases at sufficiently large values of VSD,
when the ambipolar injection regime is reached. It is in this ambipolar injection regime that light-
emission is expected. The bilayer device shows virtually identical electrical characteristics.
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Figure 5: (a) Photoluminescence signal measured on the substrate covered with ionic-liquid, away
from the WS2 flake and from the gold contacts. The intensity of the background is much smaller
than the photoluminescence signal measured on the mono- and bilayer flakes. It consists of a broad
and featureless signal, except for the small sharp peak at 2.17 eV, due to Raman scattering from
the C-H groups in the ionic liquid. (b) Background-subtracted photoluminescence signal for the
monolayer (red line), the bilayer (blue line), and a thick (bulk) flake (black line). (c) Summary
of the relevant energies measured by transport and photoluminescence on mono- and bilayers and
on a bulk flake. The black squares correspond to the band gap values extracted from transport
measurements. The red circles corresponds to the energy of the optical transition associated to
the direct gap. The blue triangles represent the energy of the optical transition associated to the
indirect gap.
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Figure 6: Optical microscope images of the monolayer device biased at VSD = 2.6 (a) and 2.9 V (b)
(VG = 0.1 V in both cases), with clearly visible a spot of emitted light due to electro-luminescence.
Note that the displaced position for the two different bias values, which is expected since the
location of the recombination zone in a light-emitting transistor depends on the bias. The scale
bar in (b) corresponds to 2 µm and is the same in both figures. (c) Electroluminescence spectrum
for the monolayer (red line), bilayer (blue line) and bulk (black line). Panels (d) and (e) show a
comparison of the normalized electro- and photo-luminescence spectra for the monolayer (d) and
the bilayer (e). In both panels the red line corresponds to the electroluminescence signal and the
black line to the photoluminescence one.
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